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ABSTRACT

We present the first observations of a Seyfert galaxy with the echelle
gratings on the Space Telescope Imaging Spectrograph (STIS), which provide
high-resolution (A/AA = 40,000) coverage of the intringic UV absorption lines in
NGC 5548, We confirm the presence of five kinematic components of absorption
in Lee, CIV, and N V at radial velocities of — 160 to —1060 km a~! with respect
to the emission lines, and find an additional Lo component near the systemic
velocity, which probably arises in the interstellar medium of the host galaxy.
Compared to GHRS spectra of the NV and C IV alsorption obtained ~2 years
earlier, the kinematic components hawe not changed in radial welocity, but the
ionic column densities for two components hawe decreased. 'We attribute these
varlations to changes in the total column of gas, but for one component, we
cannot rule out changes in the ionization of the gas.

We have calculated photolonization models to matech the UV eolumn
densities from each of the five components associated with the nucleus. In four
of the components, the lonization parameters (U = 0.15 — 0.80) and effective
hydrogen column densities I:["-.',II = 6.0 x 10" cm~® - 2.8 x 0™ em™?) cannot
produce the O VII and O VII absorption edges seen in the X-ray warm
absorber. The remaining component is more highly ionized (U = 2.4, Nopp = 6.5
x 1P em~%) and our model matches the previously observed X-ray absorption
columns. This component is therefore likely to be responsible for the X-ray
warm absorber. It also has the highest outflow velocity and showed the largest

variations in column density.

Subject headings: galaxies: individual (NGC 5548) — galaxies: Seyfert
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1. Introduction

With the advent of the Hubble Space Telescope (HST), it has become clear that intrinsic
absorption is a common phemonemon in the UV spectra of Seyfert 1 galaxies. From a study
of HST archive spectra, we determined that ~60% (10/17) of the Seyfert 1 galaxies in our
sample have intrinsic absorption lines (Crenshaw et al. 1999). All ten of the Seyferts with
absorption showed high ionization lines (N V AA1238.8, 1242.8; C IV AA1548.2, 1550.8), in
addition to Lo, Low ionization lines were less common: four Seyferts showed detectable
Si IV AAL393.8, 1402.8 alsorption, and only one showed Mg IT absorption AA 27963,
2803.5 alsorption (NGC 4151). The intrinsic absorption lines are blueshifted by up to
2100 km s~ ' with respect to the narrow emission lines, which indicates net radial outflow
of the absorbing gas. At high spectral resolution, the lines often split into distinet narrow

components, with widths in the range 20 — 400 lon s~' (FWHM).

Intrinsic absorption is also common in the X-ray spectra of Seyfert galacies; about half
of these objects show “warm albsorbers”, characterized by O VII and O VIII absorption
edges (Reynolds 1997; George et al. 1998) . We found a clear correspondence hetween
the UV and X-ray absorption in our survey; of the eight Seyferts that were observed by
both HST and ASCA, six showed both UV and X-ray alsorption and two showed neither
(Crenshaw et al. 1909}, Mathur and collaborators first established a connection between
the UV and X-ray absorbers, and claimed that a single zone of photolonized gas can explain
both the observed strengths of O VII and O VI absorption edges and the UV absorption
lines in quasars (Mathur 1994) and the Seyfert galaxy NGC 5548 (Mathur et al. 1995).
However, in NGC 4151 (Kriss ot al. 1998) and NGC 3516 (Kriss et al. 1996; Crenshaw
et al. 1998}, multiple zones spanning a wide range in ionization parameter and effectiwe
hydrogen column density are needed to explain the wide range in ionization species and

large column densities of the UV absorption lines.
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Since the intrinsic UV absorption in a Seyfert 1 galaxy is typically comprised of multiple
kinematic components, an obvious question arises: are these components characterized
by different physical conditions? An important related question is: to what extent do
the UV and X-ray absorbers arise in the same regions? In order to address these issues,
near-gimultaneous high-resolution spectra of multiple lines are needed, to determine the
column densities of different ions for each component. The only data that have met these
requirements are the Goddard High Resolution Spectrograph (GHRS) observations of
the C IV and Mg II alsorption in NGC 4151 [Weymann et al. 1997; Kriss 1998). The
C IV /Mg II column density ratio varies widely in this object, indicating a broad range in

ionization parameter among the different kinematic components.

The Space Telescope Imaging Spectrograph (STIS) on HST offers an important
means for investigating the differences in physical conditions among different kinematic
components, by providing echelle gratings that cover broad bandpasses in the UV at a
resolution of A/AM == 40,000. To take advantage of this capability, we initiated a STIS
Guaranteed Time Observations (GTO) program to obtain echelle spectra of several Seyfert
1 galaxies. Ohur first target is NGO 5548,

2. Observations and Analysis

We obtained STIS echelle spectra of the nucleus of NGC 5548 on 1998 March 11
through the 012 x %2 aperture. The observations are described in Table 1, along with
previous GHRS observations of the N V and C IV regions obtained ~2 years earlier (the
NV region containg a portion of the Lo profile). We reduced the STIS echelle spectra
using the IDL software developed at NASA's Goddard Space Flight Center for the STIS
Instrument Definition Team (Lindler ot al. 1998). The procedures that we followed to

identify the Galactic and intrinsic absorption lines and measure the intrinsic lines are given



in Crenshaw et al. (1999).

Figure 1 shows the regions in the echelle spectra where the intrinsic absorption lines
were detected (Lo, NV, and C IV ), and the regions where the strongest low-ionization
lines might be expected (Si IV, Mg II). The fuxes are plotted as a function of the radial
velocity (of the strongest member for the doublets) relative to the emission-line redshift,
z = 0.01676, obtained from the NASA /TPAC Extragalactic Database (NED). To obtain
velocities relative to the redshift from H I observations (z = 0.01717), the velocity scale
should be offset by an additional —123 km 87", Lo shows six distinct kinematic components,
and the first five components are also seen in the absorption doublets of N V and C IV
at essentially the same radial velocities. The S IV and Mg II regions show no obvious
counterparts, but the spectra are important for putting upper limits on the column densities

of these ions.

Components 1 — 5 are the same as those identified by Crenshaw et al. (1999) in the
GHRS spectra. Component 6 can also been seen in the GHRS spectra of Lo, but was not
identified in that paper. Mathur, Elvis, and Wilkes {1999} have also identified the velocity
components in the GHRS spectra of C IV. Their identifications are the same as ours, except
that they identify the dip in the red wing of compoent 4 as a separate compaonent, and
they identify the feature that we claim to be the C IV AL550.8 line of component 5 with the
C IV A1548.2 line of a component that is slightly redshifted with respect to the systemic
redshift. The feature that corresponds to the ALS50.8 line of the redshifted component
can be seen in the GHRS spectra (Crenshaw et al. 1999), but was too weak to satisfy
our criteria for detection. We cannot identify this component in the STIS N V and C IV
regions, but there is a weak feature at 4300 km s in the STIS Lo region (Figure 1) that
may corvespond to Mathur et al.’s redshifted component. Due to the uncertainty about the

exddstence of this component, we will not consider it further in this paper.
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Comparing the STIS spectra with the GHRS spectra, we find that the absorption
components are resolved in both. The higher resolution of the STIS spectra makes the
velocty structure in some of the components, such as the dip in the red wing of component
4, more distinguishable. We note that the short-wavelength GHRS spectrum does not
include the blue wing of the Lo and the absorption from component 1. The GHRS spectrum
of C IV has a substantially higher SNR, since the exposure time was ~3 times that of the
STIS spectrum. Thus, the C IV absorption for component 1 i8 not apparent in the STIS

spectrum, and we can only give an upper limit on it8 column density (see below).

Table 2 gives the radial velocity centroids, widths (FWHM), and cowring factors in
the line of sight for each component. The values and uncertainties that we present are
averages and standard deviations from individual lines; measurements of the individual lines
and the Galactic lines will be given in another paper (Sabu et al. 1999). The methods for
determining the measurement errors are described in Crenshaw et al. [1999), and include
uncertainties due to different reasonable placements of the underlying emission. For each
component, two lower limits are given for the covering factor in the line of sight: Cy,,, which
is the fraction of total emission (continuum plus broad-line emission) that is occulted, and
CRLR which is the fraction of broad-line emission that is occulted (assuming the entire
continuum source is occulted). These lower limits have been determined from the residual

intensities in the Lo coves (see Crenshaw et al. 1999)

A comparison of the measurements in Table 2 with those from the GHRS spectra
(Crenshaw et al. 1999} shows that, to within the errors, there have been no changes in
the velocity centroids or widths of the components over ~2 years. The lower limits to the
covering factors are essentially the same as those obtained from the GHRS spectra. For
components 1 -5, both the total covering factor, Cy,,, and the BLR covering factor, CPLR

are greater than one-half and in some cases, close to one. We can conclude that each of
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the components is likely to be outside of the BLR and comparable in size to or larger than
the BLR in the plane of the sky. Component 6 shows weak Lo absorption, is not detected
in the other lines, and is located close to the systemic velocity of the host galaxy, which
suggests that the gas responsible for this component is assoclated with the interstellar

medium of the host galaxy, We will not discuss this component further.

In Table 3, we give the column dengities of Le, NV, and C IV for cach component.
Since we only have lower limits to the covering factors, these values were determined by
assurning that Cp,, = 1, and integrating the optical depths as a function of radial velocity
across each component (see Crenshaw et al. 1999 for a discussion of the effects of Cjop # 1 on
the measured column densities). The blending of the Lo components in Figure 1 indicates
that they are more saturated than the other lines, and therefore the column densities are
affected by the deblending of the components and by errors in the removal of scattered
light. The uncertainties in the Lo columns in Table 3 are due to measurement ermrors, and

do not include these afects.

Table 3 shows that there have been significant decreases in the N V column densities
for components 1 and 3, and a possible decrease in the C IV column density for component
3, since the GHRS observations fram ~2 years earlier. These changes are also apparent in
a comparison of Figure 1 with the GHRS spectra in Crenshaw et al. (1999). Since we only
have an upper limit for the C IV column density of component 1, we have no information

on its variability. The other components have not changed, given the uncertainties.

To compare our results with those obtained for the X-ray warm absorber in NGO 5548,
we use the ASCA observations of this Seyfert on 1993 July 27 (Reynolds 1997, George et
al. 1998). From the optical depths of the O VII and O VIII absorption edges in Reynaolds
and the ionization cross sections, we calculate column densities of 1.0 x 10" and 1.6 x 10"

cm”* for O VII and O VIII, respectively.
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3. Photolonization Models

We have generated photoionization models to investigate the physical conditions in the
atsorption components. The details of the photoionization code are described in Kraemer
et al. (1994, and references therein). Most of the input parameters for these models (e.g
solar abundances) are identical to those used in our previous study of the narrow emission
line region (NLR) in NGC 5548 (Kraemer et al. 1998). We havwe modeled the ionizing
continuum as a broken power-law, Lo=Ke®, with the following spectral indices: o = —1.0
(hw < 136 eV), @ = — L4 (13.6 eV < he < 1300 V), and o = ~0.0  he > 1300 &V).
Note that we have modified the value of & above 1.3 kel from that used in Kraemer et al.
(1998}, based on Reynolds's (1997) fit to the 2 — 10 keV continuum.

The parameters that we varied in generating our photoionization maodels were the
ionization parameter U (the number of ionizing photons per hydrogen atom at the
illuminated face of the cloud), and the effective hydrogen column density Nosp (i.e., the
neutral plus ionized hydrogen column). The ionic column densities predicted by the models
do not depend on the atomic density, ny. For simplicity we chose a fixed value of ng =
5 x 10* em~% at the distance of our innermest component in the NLR models (~1 pe,
see Kraemer et al. 1998}, this yields a value of U = 0.60 , which is approximately correct
for producing the observed ratios of N V to CIV. We generated a single model for each
kinematic component, by varying U until the N V/C IV column ratio was matched. We
then adjusted Nogr to fit the ionic column densities. We varied these parameters until the
predicted columns matched the observed values to within the ervors. Due to our concerns
about the Lo column densities (see the previous section), we did not use these columns to

constrain the models.

The model values for components 2 — 5 are listed in Table 4. Since we only hawe

an upper limit to the C IV column density for component 1 in the STIS data, we will
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treat that case separately. The predicted column densities for S IV and Mg IT are well
below detectability in all cases; the largest value computed for Si IV was ~ 4 x 10%cm™*
(component 4), and the Mg IT column was effectively zero for all components. Despite our
conocerns about the observed H I columns, the observed and predicted values are reasonably
cloge; the predicted values tend to be higher (by up to a factor of ~2.4 for component 4).
Omne possible explanation is that our Lo measurements are indeed affected by saturation
effects; another is that the abundances are greater than solar by a factor of two . The
values of U and Ng¢ that we obtain for these components are well below those associated
with typical X-ray warm atsorbers (U = 1 - 10, Nyyp = 10 - 10% em™; Reynolds 1997;
George et al. 1998). To investigate this issue further, we computed column densities for
O VII and O VIII, which are also listed in Table 4. The total predicted columns for these
ions are 1.6 x 10%7cm ™2 and 9.9 x 10®, whereas the observed values are ~6 and ~160 times
higher for O VII and O VI, respectively, which shows that components 2 — 5 do not

contribute significantly to the X-ray warm alsorber.

For component 3, the N V and C IV column densities have decreased by about the
sarme amount in the STIS data (factor of ~1.6) compared to the GHRS observations [Table
2). This would indicate that the ionization parmmeter was essentially the same on these two
occasions. Thus, the most likely explanation for the alsorption changes is that the effective
column density changed, due to bulk motion of some of the absorbing gas out of the line

of sight. A possible discrepancy with this interpretation is that the H T column density did

SSince this is the first time that we have run models in this high-ionization regime, we
compared our calculations with thase from CLOUDY90 (Ferland et al. 1998). The ionic
column densities for the high ionization lines were quite similar, and the H I columns from
CLOUDY were a factor of <2 higher than ours (due to a different treatment of the cooling),

which indicates that our overprediction of the H I columns is not a model artifact.
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not change appreciably, but we have already noted the dificulties involved in determining

the H I columns from L.

For component 1, we generated a model based on the GHRS column densities. Table 5
shows these values. Due to the large N V/C IV ratio, the ionization parameter and effective
column density for this component are much higher than those for the other components.
The predicted O VII and O VI column densities are very close to the observed values,
suggesting that this component is likely to be responsible for the X-ray warm absorber.
Our values of U and N for this component are similar to those determined for the warm
abtgorber in NGC 5548 by Reynolds (1997) and George et al. (1998). With the caveat that
none of the UV or Xeray olservations are simultaneous, we conclude that component 1 is

lileely to be the X-ray warm absorber.

To investigate the column density variations in component 1, we generated two
additional models for the STIS data, as shown in Table 5. For the first model, we assumed
that U did not change between the two olservations, and for the second model, we assumed
that Nopr remained constant. Both models mateh the observed N 'V column density, predict
alow C IV column, and overpredict the neutral hydrogen column. Thus, the difference
in ionic column densities between the GHRS and STIS data for Component 1 could be
simply explained by: 1) an increase of U by a factor of ~ 1.4, or 2} a decrease of Nogp by a
factor of ~ 4 along the line of sight. We prefer the latter explanation, since the discrepancy
between the observed and predicted neutral hydrogen columns is similar to that for the

other components, but cannot rule out the former.
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4. Conclusions

We hawe obtained UV echelle spectra of NGO 5548 with STIS, and have confirmed the
presence of five kinematic components of intrinsic absorption in the lines of Lee, © IV, and
N V. An additional Lo component is present near the systemic redshift, and is llkely to
be associated with the interstellar medium in the host galaxy. These components have not
changed in their radial velocity coverage since the GHRS observations ~2 years earlier. The
column densities of N 'V and C IV in component 3 have decreased, and the column density
of N V in component 1 has decreased over the two year interval (only an upper limit is

available for component 1's C IV column in the STIS data).

We have used photoionization models to examine the physical conditions in the gas
responsible for the intringic absorption. The ionization parameters and effective column
densities for components 2 — 5 are lower than those msocated with X-ray warm absorbers,
and the predicted O VII and O VII column densities for these components are too small
to make a significant contribution to the X-ray absorption. From the GHRS observations
of N V and C IV, we obtain much higher values of U (2.4) and N gp (6.5 x 107" cm™3)
for component 1. Our predicted O VII and O VIII columns for component 1 match the
previous observed values. We conclude that this component is likely to be responsible
for the X-ray warm absorber. This component also has the highest outflow welocity and
exhibits the strongest variability. Since the GHRS C IV and N V spectra were obtained ~6
months apart, and the ASCA observations were obtained ~3 years earlier, these conclusions

neid to be checked with sirmltansous UV and X-ray observations.

We find that the decrease in the NV and C IV column densities in component 3 is
due to a change in the total column density of the absorption, rather than a change in
ionization, since the N V/C IV ratio did not change significantly. This is the most likely

explanation for the decrease in N V column in component 1 as well, although we cannot
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rule out a change in lonization. Assuming that bulk motion of the gas across the line of
sight is responsible for the variations, complete coverage of the BLR, and a diameter of
the N V emitting region of ~4 light days (Korista et al.), we find a transverse velocity of
vy 2 1650 km 5. If the variations are due to bulk motion, these two components have

trangverse velocities which are comparable to their outlow velocities.

We thank Ian George for helpful discussions on the X-ray absorption. D.M.C. and
S.BK. acknowledge support from NASA grant NAG 5-4103. Support for this work was
provided by NASA through grant number NAGS5-4103 and grant number AR-D8011.01-96A
from the Space Telescope Science Institute, which is operated by the Assodation of
Universities for Research in Astronomy, Inc., under NASA contract NAS5-26555.
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Fig. 1.— Portions of the STIS UV echelle spectra of NGC 5548, showing the intrinsic
absorption lines. Fluxes are plotted as a function of the radial velocity (of the strongest
member, for the doublets), relative to an emission-line redshift of 0.01676. The kinematic
components are identified with large numbers. Galactic lines are indicated with a *G", and

the small numbers identify the weak members of the doublets. Fits to the emission profile

are given as dotted lines.
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Table 1. High-Resolution UV Spectra of NGC 5548

Imstrument  Gratlng Cowerage Resolutlon  Exposure Date
(A) (AN [sec) (UT)
5TIS EL400 L1150 — 1730 A5, Daleb 4TS 1908 March 11
5TIH E2MM LG0T — 23466 10, (e 22405 1908 March 11
H5TIH E2an 2274 - 3119 0, e 1915 1908 Mareh 11
GHRS GLEA 1232 - 12460 20, (aeb 46T 190} Behruary 17
GHRS Gle0M 1554 - 15%0° 20, (aeb 13 e 19065 A st 24

"WV and a portlon of Lee, Savage et al. 1997, Cremshaw et al. 1990

B IV, Crenshaw et al. 1990 Mathur ¢t al 1999

Table 2. Kinematic components and covering factors

Conypaore i ¥ FHWM Chas Ch
(kma™") kma™")

1 — L2 2T Bit2h =gz =051
2 — 0 09 =076 =0Tl
3 — Tl L TAE25 =09 =088
4 —Hit5 145 =09 =083
] —163+ 25 TokT =063 =058
g 225 fid+8 »023 =04

*Relative 1o the emizsion-line redshili of U167

"Pregent only In Lee.
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Table 3. Column densities in NGO 5548

Lo Al e N [5TIS)

(10" em— )

N (GHRS)

(10" em )

Ler 1 1.3440.16
Ler 2 0.6140.12
Ler 3 201£0.11
L 4 470,12
L 5 0662008
L 6 0.1340.04

NV 1 044£0.18
NV 2 0.8240.16
NV 3 23340.52
NV 4 8544065
NV 5 1.1840.24

CIv 1 <017

Cv 2 0.3440.07

Cv 3 0.3040.10

Cv 4 20540.24

CIv 5 0.3140.13

STV <0.10

Mg II <002

. T
172021
| =
f.TrEDL
. 13000
188020
LETE0.1T
3.830.2T
. ATE0.5)
L5023
[INRE-LITI T
280
L ARED.15
2804032
M41+0.18

aMot Included In wavelengih coverage.



- 17 -

Table 4. Model Predictions for STIS Ionic Column Densities
Comp. Nass HI CIV NV 0OVI O VIIT
(em ) (10" em— )
2 0.15 60x10% 072 0.35 0.8 2. 10 1.26
3 0.80 28x<10°° 377 032 2531 L1Gx10* 55.20
4 0.20 83x10* T.05 297 846 328x10° 2823
5 030 22x10" L11 0.33 L35 Li1s=1F 1370

Table 5. Model Predictions for Ionic Column Densities® for Component 1

Source i} Nafs HI CIV NV OV 0 VI
[em—) (10 e )

GHRS 242 G5x10°0 1460 011 202 LOSx10f  2.20x10d

STIS (U fixed) 242 17«10 363 002 041 220100 5.890x«10%

STIS (Nusy fixed) 342 65<10°" 777 002 040 230x10°F  2.10x10
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